ABSTRACT A new joint spatial and classic symbol alphabet is designed for spatial modulation (SM)-based multiple-input multiple-output systems. The employment of multiple active antennas instead of a single active antenna is proposed for increasing the achievable throughput and the joint design of the antenna selection and classic transmit symbol is explored, while maintaining the compelling advantages of SM. This framework combines the bit-to-antenna mapping and classic bit-to-constellation mapping into a single function, which defines the joint-alphabet and the joint optimization of the amplitude-phase modulation and its constellation for transmission over multiple active antennas. The conventional SM system is also interpreted within our framework. An example design is proposed, which aims for a high spectral efficiency of 11 b per channel use, achieving a gain of up to 5 dB over generalized SM (GSM).
I. INTRODUCTION
MIMO wireless systems exhibit an increased performance. SM proposed by Mesleh et al. [1] , where each APM symbol (QAM or PSK) is transmitted over one of the transmit antennas (TAs), constitutes a recent MIMO scheme developed for using a single Radio Frequency (RF) chain. Numerous related schemes based on SM were developed, such as Space Shift Keying (SSK) [2] , Generalized SSK (GSSK) [3] , GSM [4] , etc. A comprehensive survey of the SM-MIMO solutions can be found in [5] and [6] . Beneficial antenna selection schemes and complexity reducing techniques were presented in [7] . A pre-coding aided SM is described in [8] , where extra implicit information is conveyed via the specific activation pattern of receive antennas. SM is also a promising candidate for large-scale broadband antenna systems as described in [9] . SM based systems have the key advantage of being free from Inter-Antenna-Interference (IAI) and are also shown to be quite robust to channel estimation errors [10] . Since SM uses a single-RF chain, the Inter-Antenna-Synchronization (IAS) specifications are also relaxed.
In terms of spectral efficiency, SM lags behind spatial multiplexing, where independent APM symbols are transmitted from all the TAs. Fortunately, GSM and GSSK associated with multiple active antennas is capable of improving the attainable throughput [10] by allowing a variable number of TAs to be active. For example, the SSK-like modulation scheme of [11] and [12] , which utilizes Hamming codes to generate the spatial symbols is capable of achieving rates equal to R = N t bits per channel use (bpcu), where N t is the number of TAs. Greater rates can be achieved by invoking APM constellations [13] . The idea of increasing the number of spatial symbols to increase the spectral efficiency led to the concept of Quadrature SM (QSM) [14] , in which the real and imaginary parts of the APM symbol are transmitted on independently selected TAs. The above-mentioned methods modulate the spatial and APM symbols independently. This was examined in [15] , where an improved union bound was formulated, which partitions the Average Bit Error Rate (ABEP) of SM-MIMO into three terms: P signal (ρ), which depends only on the APM symbols; P spatial (ρ), which depends only on the spatial symbols; and P joint (ρ) that is dependent on both the spatial and APM constellations, where ρ is the average SNR [15, eqs. 6 and 7] , yielding; P SM (ρ) ≤ P signal (ρ) + P spatial (ρ) + P joint (ρ).
(
Assuming independent and identically distributed (i.i.d.) Rayleigh fading channels, P signal (ρ) mainly depends on the minimum euclidean distance (ED) d min of the APM constellation, while P spatial (ρ) and P joint (ρ) are dependent on the modulus values κ i of the APM constellation points, where i = 1, 2, . . . , M for an APM constellation of size M . This improved ABEP upper bound of SM provides more insights into the interactions of the classic APM signal constellation and the spatial signal constellation. As indicated by (1) , the performance of the SM-MIMO systems is highly dependent on the specific type of APM scheme adopted. For example, in a conventional Single-Input SingleOutput (SISO) system, the Gray-coded Maximum-Minimum Distance (MMD) QAM constellation minimizes the Bit Error Ratio (BER). However, in SM-MIMO the performance is jointly determined by the spatial symbol (the transmit antenna index), the classic APM symbol and their interaction. Hence, the MMD-QAM scheme may minimize the BER, if the P signal (ρ) is dominant; otherwise its advantages may not be substantial, if the sum of P spatial (ρ) and P joint (ρ) is higher than P signal (ρ) and thus constant-modulus schemes, such as PSK may constitute a better candidate. This has also been discussed in [6] , detailing the optimization of the constellation focussing on d min and κ i , with a specific emphasis on a modified star-QAM scheme as proposed in [16] and on SM link-adaptation schemes. The Enhanced SM (ESM) proposed in [17] improves the spectral efficiency by using a constellation created by employing geometric interpolation in the complex-valued modulation plane for different spatial combinations. Both ESM and QSM have a throughput of about log 2 (M ) + 2log 2 (N t ) employing an APM constellation of size M . Although ESM does improve the d min , it uses a combination of SM and spatial multiplexing, hence surrenders the advantage of ICI-free transmission in SM and uses multiple-RF chains. Against this background, in this paper we propose a novel scheme for SM-MIMO focusing on the joint optimization of d min and κ i using a Joint Spatial & Classic Symbol Alphabet (JS&CSA). We achieve a high spectral efficiency with the aid of diverse antenna selection schemes, while using a single-RF chain and thus retaining most of the inherent advantages of SM. We provide a detailed system performance analysis on JS&CSA and compare it both to the GSM system of [4] and to the QSM system of [14] at a similar spectral efficiency.
The remainder of this paper is organized as follows. Section II introduces the JS&CSA framework. Conventional SM is interpreted as a specific alphabet design within this framework and then a novel joint alphabet design is proposed in Section III. Section IV outlines the system model used in our performance analysis of Section V. In Section VI, we compare our simulation and analytical performance results. Finally, we conclude in Section VII.
II. JOINT SPATIAL & CLASSIC SYMBOL ALPHABET
In the conventional SM-MIMO of Fig. 1 , the input bit-stream is split into two paths and only the classic APM symbol is explicitly transmitted (PSK or QAM), while the spatial symbol is implicitly transmitted by determining the index of the FIGURE 1. Block Diagram of SM transmitter. The input bitstream is divided into two parts, where log 2 (N t ) bits are used to select an antenna, and log 2 (M) bits to select a constellation symbol. This symbol is transmitted over the selected antenna. These Antenna mappers and the Constellation mappers are combined into the JS&CSA.
active TA in each channel use. Here the spatial symbol mapping and the classic APM symbol mapping is done separately. Hence, in this framework it is not possible to jointly design the APM and spatial symbols for the sake of beneficially exploiting their interactions in the channel. To circumvent this impediment, we propose a new joint alphabet based framework, where each symbol is an entry in the alphabet created by combining the spatial and APM constellations. The block diagram of the transmitter can be seen in Fig. 2 . The input bitstream is used for selecting an entry from the JS&CSA, which is an N t -length vector, where N t is the number of TAs. Each element of this vector is transmitted over the corresponding TA with a 0 indicating an inactive TA. In this new framework, it becomes possible to design the joint alphabet as per the channel's behaviour and other transmission requirements. The bit-to-symbol mapping can also be optimized by rearranging the alphabet elements. FIGURE 2. Block diagram of the JS&CSA framework based transmitter. log 2 (S) bits from the input bitstream are used to select an an entry from alphabet of size S, which is an N t -length vector. This is forwarded to an N t -Antenna-switch system, where a value of 0 de-activates the antenna and a non-zero value, which is the classic constellation symbol, is transmitted over the corresponding antennas. Since the same symbol is sent over all the active antennas, it uses a single RF-chain.
A. SM IN THE JS&CSA FRAMEWORK
Different schemes originally proposed for SM can be adopted to the new JS&CSA framework by using the relevant alphabet design, which combines both the Antenna mapper and the Classic Constellation mapper of conventional SM, as seen in Fig. 1 . This is achieved by arranging for the spatial-vector entries of the alphabet to have only a single non-zero component. Given N t TAs there are N t possible spatial combinations of active TAs and for each of these combinations there are M possible APM symbols that can be transmitted. Each of these VOLUME 4, 2016 JS&CSA combinations carrying a particular APM symbol is represented by a spatial-symbol vector associated with zeros for the inactive TAs and the classic APM symbol to be transmitted for the active TA. These spatial-symbol vectors form the entries of the alphabet, which is of size S = N t M and thus, the throughput is log 2 (N t ) + log 2 (M ). The alphabet for N t = 4 and BPSK SM is shown in Table 1 . This can similarly be extended to GSM, where the number spatial combinations increases to
, where N a is the number of active TAs. By contrast, for SSK/GSSK the APM symbols can be omitted from the alphabet generation. This general framework can also be extended both to Space-Time Shift Keying (STSK) [18] and to other similar schemes, where the entries of the dictionary are the dispersion matrices multiplied by the classic APM symbols. 
III. PROPOSED JOINT ALPHABET DESIGN
The inferences in [15, Sec. V] can be readily extended to GSM [10] and to other multi-TA scenarios. As expected the error probability is reduced upon increasing both the minimum ED (MED) and the moduli of the constellation points, but these vary with the number of active TAs. The MED of the APM symbols in these cases is given by
where, a M i is an APM symbol of order M . However, as we increase the number N a of active TAs, d min reduces, which can be seen in Fig. 3 . When we want to use a varying number of active TAs within the same spatial constellation design, the performance loss becomes cumulative. Hence, to achieve a better d min , the modulation order M has to be reduced upon increasing N a . The design can be made very flexible or adaptive for accommodating both diverse throughput requirements and fluctuating near-instantaneous Signal to Noise Ratios (SNR). We conceive a technique exhibiting a compelling performance and a high throughput for MIMO systems having a higher number of TAs.
The legitimate combinations of spatial vectors are first generated with the number of active TAs varying from 1 to N t /2. Although considering all combinations of the N a active N t -vectors up to N t − 1 would increase the size of the constellation set, only 2 log 2 (card(S)) symbols can be used for the bit-to-symbol mapping. It is plausible that this number of symbols can be obtained by limiting the number of active TAs to N t /2, as log 2 (card(S)) is the same for all N t /2 ≤ N a ≤ N t . We note that having more active TAs reduces the MED (and hence the overall performance) as mentioned earlier in the context of Fig. 3 . Each of these spatial vectors is then multiplied by the corresponding M N a APM constellation values in order to obtain the entire set of spatial-symbol vectors. This joint alphabet has a throughput given by
where . denotes the 'floor' function invoked for obtaining an integer value and M max is the maximum modulation order. An example of the given alphabet design can be found in Table 2 for N t = 4 and M max = 64, where a 64 and a 32 are APM symbols obeying a m ∈ Q M with Q M being an arbitrary type of constellation, such as M -PSK or M -QAM. In Section VI, we will provide results both for M -PSK as well as for classic square-QAM and modified twin-ring star-QAM for SM [16] , which has only two moduli values for the symbols. The advantage of star QAM is that it provides a better peak to average power ratio (PAPR) and outperforms classical square QAM. The constellation points on the outer ring are shifted by θ = 2π/M . Additionally, this also subsumes the PSK modulation as a special case associated with r 1 = r 2 = 1. For star-QAM having M ≥ 8 we arrive at: where r 1 and r 2 are the radii of the two rings in the constellation. The proposed scheme transmits the same APM symbol a M l on all the active TAs in a given spatial vector (i.e., uses a single RF-chain), hence the IAI is completely avoided at the receiver. The proposed joint alphabet design can be viewed as a spatial-symbol constellation, as shown in Fig. 4 . This spatial-symbol constellation shows the conventional constellation adopted on a separate plane for each value of N a . We will show in Section V that the probability of error does not depend on the d min of constellation points corresponding to different values of N a . This implies that for each N a we can consider a different APM constellation. Hence, we adopt this representation of the spatial-symbol constellation.
The transmit spatial-signal vectors s k ∈ S, where S is the alphabet, are constructed as Algorithm 1: Generate all x l(N a ) ∈ X N a such that each x l(N a ) is an N t -length vector with N a '1's and N t − N a '0's; an active TA and '0' an inactive one, so that at least one TA is active and at most N t /2 TAs are active. 2) For each N t -length vector generated in the above step create an APM constellation of order M so that M = M max /2 log 2 (N a ) , where M max is the maximum modulation order, N a is the number of active TAs (i.e., the number of ones in the N t -length vector). This step reduces the modulation order by a factor of N a (while ensuring that M is a power of 2). 3) The spatial vectors generated are then combined with the corresponding APM constellations, i.e., the spatial vectors are multiplied with the corresponding M -APM symbols for generating the entire alphabet S.
IV. SYSTEM MODEL
Consider a MIMO system having N t TAs (N t assumed to be an even number) and N r receive antennas (RAs). Let N a be the number of active TAs at a particular instance, which varies from 1 to N t /2. Let M max be the maximum order of the APM constellation. Furthermore, let M N a be the modulation order for a particular N a , which is given by
The transmit symbol is then given by
where x l(N a ) is an N t -length spatial vector, which has an element of 1 for an active TA and a 0 otherwise. Furthermore, X N a represents the set of all possible combinations of the spatial vector x l(N a ) for a given value of N a . Still referring to (6a), a i(N a ) is the normalized APM symbol and Q N a represents the constellation for a given N a . The transmit symbols are chosen from the alphabet s k ∈ S and S is the size of the alphabet. The received symbol is given by
where y is an N r -length vector and H is the channel matrix whose elements h n t ,n r are complex random values determined by the fading characteristics. The variable E m is the energy per symbol and n is the Additive-White Gaussian Noise (AWGN) of the form N c (0, N 0 ).
).
A. DETECTION
Given the signal model of Section IV, the optimal maximum likelihood (ML) detector solves the constrained least-square problem given bŷ
where the channel information H is assumed to be perfectly known at the receiver.
B. COMPUTATIONAL COMPLEXITY
The complexity is quantified in terms of the number of realvalued multiplication and division operations required by each algorithm [19] . The computational complexity order of the ML detector in (8) is formulated for the proposed scheme as
since the ML detector searches through the entire transmit and receive search space. Note that each y −
E m N a
Hs k requires (N a + 1) complex-valued multiplications. While this is less than that of spatial multiplexing, it is comparable to that of GSM-ML, which has a complexity order of 4(N a + 1)N r S, where S is the size of the total search space.
V. PERFORMANCE ANALYSIS A. GENERAL FADING CHANNELS
The Average Symbol Error Probability (ASEP) is given by
where APEP is the average pairwise error probability given by (11) , in the following page, in which E h(x˜l (Ña) ,x l(Na) ) {.} is the expectation computed over the fading channel spanning from the [x˜l, x l ] combination of TAs to the N r RAs. Furthermore, N 0 is the power spectral density of noise. If σ n is the noise variance, we have N 0 = 2σ 2 n . The index k has actually been represented using three indices, namely N a (number of active TAs), l (spatial vector combination index for a given N a ) and i (constellation index for a given N a ). We can rewrite (10) using these indices and (11) as shown in (12), which maybe split into two parts, namely into:
• all symbols having the same N a • all symbols having different N a . We can then further split the symbols having the same N a again into the following classes similar to [15] :
• the term containing the same spatial vector combination, but different classical constellation points (P N a signal ).
• the term containing different spatial vector combinations, but the same classical constellation point (P N a spatial ).
• the term containing different spatial vector combinations and different constellation points (P N a joint ). Rewriting (12) yields:
This representation of the error probability helps us to study how the spatial and classic symbols as well as their
interactions affect the performance. Furthermore, the individual terms of (13) are derived in Appendix A. These results are used for obtaining the theoretical SER performance through an i.i.d Rayleigh channel in the following sub-sections.
B. IDENTICALLY DISTRIBUTED FADING
Assuming that the elements of the channel matrix H are identically distributed random variables, i.e., each h n t ,n r has the same pdf, we can conclude that [15] 
1) I.I.D. RAYLEIGH CHANNEL
For an i.i.d. Rayleigh channel we know that
where [20] we have ψ = π/M N a and using (46) in the context of (25) yields:
For twin-ring star-QAM (Appendix VII-.4) using (42) and (46) in the context of (25) yields:
Using (45), the remaining terms of (13) for a Rayleigh channel are given by
The above equations ascertain that similar to [15] , the probability of error mainly depends on d min and κ i . These results can be extended to a generic alphabet design, where for a given value of N a P 
VI. SIMULATION RESULTS
This section characterizes the performance of the proposed alphabet design for our JS&CSA framework associated with PSK and the appropriately modified star-QAM (Appendix B) using both the model derived from Section V and from Monte-Carlo simulations. We also compare the Bit-Error Rate (BER) of our proposed scheme to that of multiple active TA based SM, namely to GSM and to QSM, using systems designed under the same throughput constraints. The channel model used is in accordance with the model described in Section IV under a Rayleigh fading channel. In Fig. 5 a target of 11 bpcy relying on an 8 × 8 MIMO system is considered (since QSM requires N t to be a power of 2) with M max = 32 for the proposed alphabet design, and M = 32 for both QSM and GSM, with GSM having N a = 4 active TAs. The results observed show a gain of 3.63 dB and 5.17 dB for a BER of 10 −4 , when compared to QSM and GSM, respectively. The results shown for the proposed joint alphabet design have been obtained using a twin-ring star-QAM with a ring-ratio of α = 1.3, which was observed to provide the best performance for the configuration considered. Fig. 6 also shows the performance in correlated Rayleigh channels, which was generated by using the Kronecker model: H corr ∈ N c (0, R rx ⊗ R tx ), where R tx is the transmit correlation matrix and R rx is the receive VOLUME 4, 2016 correlation matrix. The plot shown uses exponential model for the elements of these matrices, i.e, r ij ∈ R = r |j−i| , where we consider an r = 0.8. A similar comparison is shown in Fig. 7 for a 12 bpcu scenario in conjunction with different configurations for the proposed design. As expected, using a higher N t and lower M max provides a better performance. Interestingly, under the same throughput constraints, in configurations utilizing higher N t the constant modulus PSK schemes constitue better candidate than QAM. By contrast, in scenarios of higher M max QAM provides better results. Hence, star-QAM, which providdes the best of both worlds, has been adopted in our scheme. Fig. 8 shows the performance comparisons of different configurations for the proposed design using PSK. This reiterates the previous point, namely that a higher N t provides better results, but for a given N t we require a minimum M max for exploiting the proposed scheme. This can be observed for the M max = 16 case, where N t = 8 shows a better performance than N t = 10. Furthermore, the simulation results recorded for N t = 10 start to drift away from the expected curve.
With respect to star-QAM, the ring ratio affects the value of φ d of (21) similar to the conventional star-QAM scheme. The constellations associated with different modulation orders also have different optimal ring-ratios [16] . In Fig. 9 the performance of the proposed alphabet design is also shown for different ring-ratios. For simplicity, the performance analysis has been derived for symbol errors rather than bit errors. Hence, we compare SER results in Fig(s). 8 and 9 . 
VII. CONCLUSIONS
A novel joint alphabet-based scheme was derived for SM-MIMO, which facilitates the joint optimization of the spatial and classic symbol constellations. The proposed alphabet was developed by creating a constellation whose amplitude and phase values were generated adaptively based on the associated spatial vector combinations. The proposed scheme is eminently suitable for large-scale antenna systems and offers flexibility in its design and a high spectral efficiency associated with a good performance, which makes it an attractive candidate for next-generation MIMO systems. It has also been shown to have significant BER performance improvements compared to conventional spatial modulation schemes, especially in configurations considering a large APM constellation size. Our design criteria and performance analysis provide a basis for more advanced alphabet designs, which can incorporate adaptive schemes and novel constellations.
APPENDIX A ASEP OF PROPOSED ALPHABET
Let us now consider the four additive terms of (13) one-by-one:
signal is a summation of the terms in (12) that have the same spatial vectors, i.e., which have been sent from the same set of TAs with the aid of a given number of active TAs. This value corresponds to the PEP of a typical APM constellation that is summed over all possible spatial vectors havingÑ a = N a , yielding:
where for a generic APM scheme we have
E h(x l(Na) ) is the expectation computed over the fading channels spanning from x l(N a ) combination of TAs to N r RAs.
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With the aid of l =l and using equation (11), (26) can be written as
Let us now focus our attention on the second term of (13):
spatial consists of those specific terms in (12) that have the same APM constellations, which have to be compared to the spatial vectors for determining the PEP. This is similar to the probability of error of GSSK modulation [3] .
Upon setting i =ĩ, (11) reduces to
and using (44) we have:
where γ N a (l,l) = Hx
Using the above equations we obtain an expression for P spatial as:
Let us now continue with the third term of (13):
The particular terms in (12) , which are neither in P N a signal nor in P N a spatial for a given N a , i.e., the specific terms that have both spatial vectors and APM symbols which are different for a given number of active TAs, are grouped together in P N a joint . Upon setting l =l and i =ĩ in (11) we arrive at
Then using (44) yields:
where we have
Using (12) and (33) we arrive at,
Below we consider the final term of (13):
consists of all terms having different number of active TAs, i.e.,Ñ a = N a , but otherwise is similar to P joint of (13), yielding
.
APPENDIX B TWIN-RING STAR-QAM
The ASEP mod for twin-ring star-QAM is obtained using a method similar to the example shown in [20] , yielding where
,
where
. VOLUME 4, 2016 Substituting (38) into (37) in conjunction with N 0 = 2σ 2 n and taking the expectation over the fading channels the ASEP N a mod is given by (assuming that the a priori probabilities of the constellation symbols are equal):
Upon using (44), we arrive at:
APPENDIX C MATHEMATICAL TOOLS
From [20] and [21] we have an alternative expression for the Q-function formulated as follows
and we know that the moment generating function of a random variable γ is given by M γ (s) = E{exp(sγ )}. From [21] we arrive at the expressions of (45) and (46), as shown at the bottom of the previous page. 
